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RNA and the Epigenetic Minireview
Regulation of X Chromosome
Inactivation
(Figure 1). In invertebrates, X-linked numerator and au-
tosomally encoded denominator genes encode proteins
which differ in relative abundance in XX versus XY or
XO cells. A 2-fold difference in stoichiometry signals the
production of master regulatory proteins, XO-lethal in
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Cambridge, Massachusetts 02139 C. elegans and Sex lethal in Drosophila, that initiate
dosage compensation (reviewed in Cline and Meyer,
1996). Thus invertebrates distinguish between having
Dosage compensation requires the fine tuning of tran- one and two X chromosomes and additional X chromo-
scription of X-linked genes in response to mechanisms somes are lethal. In contrast mammals distinguish be-
that detect a 2-fold difference inX chromosome number. tween having one and more than one X chromosome
Though unique dosage compensation strategies are and can tolerate X chromosome aneuploidies. Mammals
employed by different organisms, two important similari- inactivate all X chromosomes in excess of one per dip-
ties areapparent: dosage compensation is initiated early loid genome: all supernumerary X chromosomes in male
in embryogenesis and stably propagated chromatin and female cells are inactivated, whereas in tetraploid
modifications are used to modulate X-linked gene ex- females two X chromosomes are silenced and two re-
pression. In C. elegans a complex of proteins involved in main active. Since it appears that a single X chromo-
chromosome condensation and segregation assembles some per diploid genome is chosen to remain active
on both X chromosomes in hermaphrodites and reduces (reviewed in Lee et al., 1996), we refer to the mechanism
gene expression by a factor of two on each chromosome that mammals use to count X chromosomes as choice.
(reviewed in Cline and Meyer, 1996). In D. melanogaster, The discovery of the human XIST gene and mouse Xist
an RNA±protein complex organizes on the single X chro- gene, have provided the first insight into the molecular
mosome in male cells to stimulate transcription 2-fold mechanisms by which mammals detect 2-fold differ-
relative to each X chromosome in female cells (reviewed ences in X chromosome number and inactivate a single
in Willard and Salz, 1997). In mammals, X-linked gene X chromosome in female cells.
expression is equalized between thesexes by X inactiva- X inactivation involves several steps: choice, initiation,
tion, the transcriptional silencing of one X chromosome and spread. Choice between X chromosomes and initia-
in female cells (reviewed in Migeon, 1994). Thus, mam- tion of X inactivation occur early in development, at the
mals cope with a level of complexity that does not occur time when embryonic cells differentiate from totipotent
in invertebrates: the localization of dosage compensa- lineages. X chromosome silencing is nucleated at and
tion machinery to one of multiple X chromosomes. bidirectionally propagated from the X-inactivation cen-
Mammals differ from flies and roundworms in the ter (Xic) (reviewed in Migeon, 1994). The Xist gene is
located within the Xic and encodes a large, spliced,manner in which they count X chromosome number
Figure 1. Comparison of Dosage Compensation Pathways in D. melanogaster, C. elegans, and M. musculus
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Figure 2. Diagram of the Factors that Regulate the Transitions in Xist Expression Pattern that Occur upon the Initiation of X Inactivation
(1) The factors that stabilize and facilitate spreading of Xist RNA at the Xi (purple). These factors must be present in excess, as multiple X
chromosomes can be inactivated in individuals with X chromosome aneuploidies. Stabilization and spreading may be independently regulated.
(2) The factors that block Xist RNA stabilization and spread from a single Xic (stop signs). We suggest that blocking factors are autosomally
encoded and are present in limiting quantities, such that they can assemble at only one Xic per diploid genome.
(3) The Xce element is tightly linked to Xist and affects the randomness of X inactivation. If both X chromosomes carry the same Xce allele,
inactivation of each chromosome occurs with equal probability. If one X carries a weak Xce allele and the other a strong allele, X inactivation
is skewed and the former is inactivated with a higher probability. We suggest that skewing by Xce allelic differences reflects a dynamic
competition between Xics for blocking factors (partial stop signs).
(4) Epigenetic marks that cause the silencing of Xist transcription from the blocked Xic on the Xa (blue circles). DNA methylation appears to
be important for this silencing event.
polyadenylated, noncoding RNA that is expressed ex- is carried out by autosomally encoded factors that are
present in limiting quantities and can block Xist RNAclusively from the otherwise inactive X chromosome (Xi)
in female somatic cells (Willard and Salz, 1997). Ectopic stabilization at only one Xic per diploid genome (Figure
2). By analogy to Drosophila and C. elegans, in whichexpression of Xist from autosomal transgenes (Lee et
al., 1996; Herzog et al., 1997; Lee and Jaenisch, 1997) X-linked numerator and autosomal denominator ele-
ments are utilized in counting, the Xic in mammals canand deletions of theXist locus (Penny et al., 1996; Marah-
rens et al., 1997, 1998) indicate that Xist is necessary be considered as an X-linked numerator element and
the blocking factors may correspond to autosomallyand sufficient for X inactivation.
Xist and Choice encoded denominator elements. An Xist transgene with
15 kb of flanking sequence was reported to act as anChanges in Xist expression and choice are intimately
connected. In embryonic cells poised to initiate X inacti- Xic when integrated into autosomes (Herzoget al., 1997).
As Xist is the only gene that lies within this interval, thevation, Xist transcription is detected from the single X
chromosome in males and both X chromosomes in fe- X-linked numerator may be a DNA element tightly linked
to Xist. Alternatively, it is also possible that the X-linkedmales (Panning and Jaenisch, 1996). Xist RNA in embry-
onic cells is unstable and can be detected only at the numerator element is Xist RNA, as unstable transcripts
are restricted to the Xist locus in embryonic cells.site of transcription. Upon the initiation of X inactivation,
Xist transcripts from what will become the Xi are stabi- Methylation of Xist sequences is necessary for the
silencing of Xist expression from the Xa, since Xist RNAlized and spread in cis to coat the X chromosome (Pan-
ning etal., 1997; Sheardon et al.,1997). Finally, transcrip- can coat and mediate inactivation of the single X chro-
mosome in differentiated male and of both X chromo-tion of unstable Xist RNA from the other, active X
chromosome (Xa) is silenced. In molecular terms, choice somes in differentiated female cells that are deficient in
DNA methyltransferase (Panning and Jaenisch, 1996).is manifested as the block to stabilization and propaga-
tion of Xist RNA from one Xic. This suggests that choice Thus, without normal regulation of DNA methylation,Xist
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Figure 4. The Particulate Nature of Xist RNA as It Coats the Xi
Xist RNA (red) on a mouse Xi (blue) in mitosis. In humans XIST RNA
does not coat metaphase chromosomes.
Xist and Imprinted X Inactivation
X inactivation in marsupials and in murine extraembry-
Figure 3. Comparison of Xist-Targeted Deletions onic tissues isnot random, rather thepaternal X chromo-
Xist deletions (a) beginning z1 kb into exon one and ending in intron some is exclusively silenced. An Xist homolog has not
5 (Marahrens et al., 1997) and (b) removing z7 kb of Xist exon 1 and been reported for marsupials (reviewed in Graves, 1996),
30 nucleotides of upstream sequence (Penny et al., 1996) identify an
suggesting that imprinted X inactivation may occur byelement that plays a crucial role in choice. Transcription of the
an Xist-independent mechanism. However, imprinted Xtargeted Xist locus in embryonic cells occurs in (a), but was not
chromosome silencing in murine extraembryonic tissuesassayed in (b); choice could, therefore, depend on Xist RNA or on
a DNA element within the gene. does require Xist (Marahrens et al., 1997). It remains
unclear, therefore, whether imprinted X inactivation in
marsupials and mouse extraembryonic tissues are mech-
anistically similar, or whether mice have evolved a uniquetranscription from the Xa isnot silenced and the resulting
form of Xist-dependent imprinted X inactivation.RNA associates with the chromosome and causes inac-
Xist expression from the paternal X chromosome istivation. These results suggest that the factors which
first detected in four- to eight-cell embryos, precedingstabilize Xist RNA can be expressed in male cells and
imprinted X inactivation, which occurs at implantation.do not require multiple X chromosomes to be induced.
Xist RNA was expressed in all eight cells and a signifi-X inactivation is random in embryonic lineages, indi-
cant number of nuclei showed biallelic Xist expression,cating that blocking factors have an equal probability
with accumulation of transcripts at only one X chromo-of acting at either Xic. In mice heterozygous for the
some (Sheardon et al., 1997). This pattern of expressionX-controlling element (Xce), which is tightly linked to
is similar to that in embryonic cells which have initiatedXist, there is skewing of X inactivation, suggesting that
random X inactivation, with stabilization and spread ofcis-acting sequences can affect the likelihood that
Xist RNA on the Xi and low level expression of Xist from
blocking factors will interact with one Xic relative to
the Xa. This raises the possibility that during imprinted
another. In addition, an XIST promoter mutation corre-
X inactivation blocking factors are targeted specifically
lates with skewed X inactivation such that the chromo-
to the maternal Xic.
some carrying the mutation is preferentially inactivated Spread and Maintenance of X Inactivation and Xist
(Plenge et al., 1997), suggesting that the Xce might func-
The Xist RNA in female somatic cells appears as a cluster
tion by regulating XIST transcription. An interesting
of particles that coats the Xi (Figure 4; Clemson et al.,
possibility raised by these data is that all the Xic's in 1996; Lee and Jaenisch, 1997). This distribution is not
one nucleus compete for blocking factors and that the affected by DNase or RNase H treatment (Clemson et
affinity of an Xic for blocking factors is determined by al., 1996), suggesting that Xist does not contact DNA.
some aspect of the Xist transcription in embryonic cells These data are most consistent with the idea that RNA±
(Figure 2). protein interactions mediate the propagation and asso-
Sequences within the Xist gene can also affect choice ciation of Xist RNA with a chromosome in cis. Xist RNA
as a targeted deletion skews X inactivation such that produced from a YAC transgene can spread and medi-
the wild-type X chromosome is always inactivated (Mar- ate silencing of linked autosomal sequences (Lee and
ahrens et al., 1998). However, another overlapping Xist Jaenisch, 1997), indicating that X chromosome±specific
mutation does not affect choice (Penny et al., 1996), elements are not required for the propagation of Xist
identifying 6 kb of Xist sequences as playing a crucial RNA and heterochromatin.
role in the choosing of an X chromosome for inactivation Propagation of Xist RNA precedes X chromosome
(Figure 3). These results suggest that choice may occur silencing during imprinted and random X inactivation
through the mutually exclusive binding of a unique (Keohane et al., 1996; Sheardon et al., 1997), suggesting
blocking factor to the Xce of one X chromosome and that factors which act downstream of the stabilization
an initiation factor to the Xist gene of the other X (Marah- and spread of Xist RNA are required to mediate silenc-
rens et al., 1998). The identification of this regulatory ing. Some clues as to the mechanism by which Xist RNA
element within the Xist gene creates an additional level might mediate silencing come from conserved features
of complexity in understanding the mechanisms used of inactive X heterochromatin. In placental and marsu-
pial mammals, the Xi replicates late in S phase andto select one X chromosome to remain active.
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Lee, J.T., Strauss, W.M., Dausman, J.A., and Jaenisch, R. (1996).displays a decrease in abundance of acetylated iso-
Cell 86, 83±94.forms of histone H4 (Graves, 1996). Thus, the propaga-
Lee, J.T., and Jaenisch, R. (1997). Nature 386, 275±279.tion of Xist RNA might delay initiation of replication from
Marahrens, Y., Panning, B., Dausman, J., Strauss, W., and Jaenisch,origins on the Xi and/or recruit modifiers of histone ace-
R. (1997). Genes Dev. 11, 156±166.tylation. In differentiating female embryonic stem cells,
Marahrens, Y., Loring, J., and Jaenisch, R. (1998). Cell 92, 657±664.the appearance of a late-replicating X chromosome and
Migeon, B.R. (1994). Trends Genet. 10, 230±235.stabilization of Xist transcripts coincide and precede
Pak, D.T.S., Pflumm, M., Chesnokov, I., Huang, D.W., Kellum, R.,the down-regulation of X-linked gene expression and
Marr, J., Romanowski, P., and Botchan, M.R. (1997). Cell 91,the emergence of a hypoacetylated X chromosome
311±323.
(Keohane et al., 1996). These results suggest that Xist
Panning, B., and Jaenisch, R. (1996). Genes Dev. 10, 1991±2002.RNA might function by causing replication origins on
Panning, B., Dausman, J., and Jaenisch, R. (1997). Cell 90, 907±916.the Xi to fire late in S phase, which in turn results in
Penny, G.D., Kay, G.F., Sheardon, S.A. Rastan, S., Brockdorff, N.the formation of heterochromatin on the late-replicating
(1996). Nature 379, 131±137.
chromosome. It has been suggested that DNA replica-
Plenge, R.M., Hendrich, B.D., Schwartz, D., Arena, J.F., Naumova,tion timing may regulate chromatin formation through
A., Sapienza, C., Winter, R.M., and Willard,H.R. (1997). NatureGenet.
interactions between the origin recognition complex and 17, 353±356.
heterochromatin proteins (Pak et al., 1997). Xist RNA Sheardon, S.A., Duthie, S.M., Johnston, D.M., Newall, A.E.T.,
might also function to modulate histone acetylation of Formstone, E.J., Arkell, R.M., Nesterova, T.B., Alghisi, G.-C., Rastan,
the Xi, by obstructing histone acetyltransferases or re- S., and Brockdorff, N. (1997). Cell 91, 99±107.
cruiting deacetylases. It is worth noting that the Dro- Willard, H.R., and Salz, H.K. (1997). Nature 386, 228±229.
sophila mof gene, which encodes a putative histone
acetyltransferase, provides an example of a histone
modifier that is required for dosage compensation and
which acts as the result of the assembly of an RNA±pro-
tein complex on the X chromosome (Hilfiker et al., 1997).
The Xi is maintained in a clonal and stable fashion.
However, XIST is neither necessary nor sufficient to
maintain X inactivation in somatic cell hybrids (Brown
and Willard, 1994; Hansen et al., 1996). Therefore, Xist
RNA may function to mediate X inactivation during a
precisely defined developmental window. X inactivation
is most likely maintained by multiple redundant and self-
perpetuating mechanisms that include late DNA replica-
tion and histone modifications. In the somatic lineage
of placental mammals, CpG islands on the Xi aremethyl-
ated. Methylation levels in marsupials and in the extra-
embryonic lineage of placental mammals are very low
and X inactivation is less stable (Graves, 1996), implicat-
ing DNA methylation in the stable maintenance of the
inactive state.
Despite an emerging understanding of the significance
of XIST/Xist in X chromosome silencing, the molecular
mechanisms by which cells initiate and propagate X
inactivation still remain a mystery. The identification of
the hypothetical blocking, stabilizing, and initiating fac-
tors will be important in understanding how Xist RNA
assembles on one X chromosome and may provide in-
sight into the biochemical mechanisms of X inactivation.
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